In earlier investigations regarding the anemia of thermal injury (1) tentative conclusions were reached suggesting that the deficiency in total circulating hemoglobin was produced by at least two mechanisms: In the first few days after a burn, a hemolytic process; then, later, inadequate hemoglobin synthesis. To explore further the dyshematopoiesis, experimental studies have been performed in burned dogs and in a burned man. The principal index of red cell and hemoglobin formation was the rate and extent of uptake of heavy nitrogen (N15) from isotopically-labelled glycine into the heme fraction of hemoglobin. This technique also makes it possible to estimate the life span of the erythrocytes formed during the particular phase of injury under study (2) . Numerous additional physiological and biochemical studies were performed concomitantly to aid in the interpretation of the N15 data. These included complete hemograms, marrow surveys on the dogs, measurements of blood volume, nitrogen balance, serum iron, copper and bilirubin, erythrocyte protoporphyrin, urinary coproporphyrin, and urinary and fecal urobilinogen.
METHODS AND MATERIALS
Mongrel male dogs, two to four years of age, were kept in metabolic cages on a fixed diet designed to give a daily intake of 14 Gm. of nitrogen and sufficient calories to maintain body weight under control conditions. Hemo- 1 This study was conducted under Contract Number DA 49-007-MD-99 between the Office of the Surgeon General, Department of the Army, Washington, D. C., and the Medical College of Virginia, Richmond, Virginia.
2Markle Scholar in Medical Sciences and Assistant Professor of Medicine. 3 Associate Professor of Biochemistry. 4Research Fellow, Department of Surgery. 6 Professor of Surgery and Director of the Surgical Research Laboratory, Medical College of Virginia. globin was measured by the alkaline hematin method in sodium carbonate on the Coleman Junior Spectrophotometer standardized for hemoglobin by the oxygen capacity method. Reticulocytes were counted on a wet preparation after staining with brilliant cresyl blue (Coleman and Bell Co.). Hematocrits and cell counts were determined by standard procedures as given by Wintrobe (3) . Blood volume was measured with T-1824 dye (4) .
Feces, collected in four-day periods, were homogenized and made to a constant volume from which aliquots were analyzed for nitrogen (5) and urobilinogen (6) . Urine collections were analyzed daily for nitrogen, urobilinogen, and coproporphyrin (7) . Serum iron (8) , copper (9) , bilirubin (10) , and erythrocyte protoporphyrin (11) were determined at intervals of about ten days.
When nitrogen equilibrium was attained, the experimental animals were given a standard contact-burn of 20 per cent body surface area (12) . Approximately ten days after burning, at the height of the catabolic response and when anemia was developing, they were fed 10 Gm. of glycine containing 33.8 atom per cent excess N' in 2.0 Gm. amounts every two hours for five doses.6 In the periods immediately after glycine feeding, urine collections were fractionated at eight-hour intervals for study of N' excretion in urinary nitrogen. Hemin was isolated as described by Shemin and Rittenberg (13) and recrystallized according to Fischer (14) , then analyzed in duplicate for N 1 content in the mass spectrometer. Stercobilin was isolated by a method modified slightly from that described by Watson (15) , recrystallized from chloroform and dried over P,05. Purity was checked by optical rotation on each sample sent for isotope analysis. Quantity was usually sufficient for analysis in duplicate. All samples for N" analysis were routinely compared with tank nitrogen as a reference standard, and the N" atom per cent excess over tank nitrogen determined. A table for calculation of N" concentration was computed and has been found very useful in this work (16 The rates of uptake of N15 into heme in the control animals were quite similar, as seen in the composite graph Figure 3 . But, in the burned dogs, when compared with the controls, distinct differences in uptake rates are at once evident. The data on dog 29 ( Figure 1 ) are particularly strik- Whipple (17) that the dog will utilize his own tissue to form hemoglobin. A similar utilization of body nitrogen is found during the reticulocytosis stimulated by vitamin B12 in pernicious anemia patients (18) , and a much greater than normal incorporation of N15 from N15-glycine into heme has been noted at the time of therapeutically-induced reticulocytosis in this disease (19) . In the burned animal the early failure of uptake in hemin might have been due to (a) depressed uptake in marrow (failure of utilization), (b) failure of absorption, or (c) excessive elimination of heavy nitrogen in the urine and stools. In the first four days after feeding, all the burned dogs showed slightly greater fecal excretion of N15 than the control animals, but there was no indication of failure of absorption (Table III) . In the same 31 had lost a total of 61.3 per cent in the urine. Thus two burned animals showed moderately increased urinary excretion while one was less than the control. These collective data are interpreted to indicate almost complete absorption of the orally administered glycine, and on a comparative basis suggest that failure of utilization rather than increased excretion was the significant factor in the decreased incorporation into heme. Studies presented (20) using radioactive iron indicated a depressed marrow activity in severe burns. The greater increased urinary excretion in dogs 16 and 17 is part of the increased catabolism present con- The life span of the red blood cell in the two control animals has been estimated from the hemin curves by measuring the time in days from the mid-point in the uptake curve to the mid-point of the disappearance curve (2) . Dog 31 had an average erythrocyte life span of about 100 days, and control dog 29, 104 days ( Figure 3) . The average life span of erythrocytes in the normal dog by the N'5-hemin technique has not been reported previously. The life span of the dog's erythrocytes using _-C14-glycine which labels globin, has been estimated to be 75 five days and 95 five days using two phlebotomized dogs (21) . Hemoglobin was labelled in the globin fraction with lysine containing C14 in the epsilon carbon, and the erythrocyte life span estimated in this manner was 115 days, using a dog made anemic and hypoproteinemic by phlebotomy and low protein diet (22 The results of determinations of serum iron, copper, and free erythrocyte protoporphyrin are found in Table IV . In one of the burned dogs (dog 29) the serum iron was slightly depressed after the thermal injury and remained low for nearly 100 days, even after the total circulating hemoglobin had risen to normal. In this animal serum copper did not become elevated. In inflammation, hypercupremia was not observed in dogs (23) , but it does occur in both man (24) and the rat (25) . In the two other burned animals the serum iron did not fall to the expected low levels, nor was there any rise in serum bilirubin to explain the normal serum iron levels. The values for serum copper were erratic and no conclusions could be drawn. In none of the animals, either -15  37  72  54  44  78  86  28  29 118  -11  44  102  43  65  95  65 118  -8 38  119  45  57  76  103  -4  41   47 147   0  39  101  69  44  78 146  10  31  108  110  33  80  103  27  106  105  29  50 108  20 30  80  50  39  89  57  13  128  87  24  106  127  31  32  80  57  39  71  79  35  67  84  36  36  103  41  34  76  63  33  75  111  48 46  64  166  38  55  79  33  92  127  60  34  82  64   75 42   132  43  116  69  88  44  75  49  102  30  73  83  37  114  68  106  41  71  64  112 35  68  116  38  109  102  136 35  94  93  37  119  175  146  34  45  163  158 38  87  105  36  51  116  167  35  59  177  186  25  65  98  214  36  136  123   228  43  87 194   238  35  116  126  244  42  97  155  272  34  54  109  286  34 (26) following the production of staphylococcic or turpentine abscess in dogs, but a depressed serum iron after injection of staphylococcus toxin was not found, nor was production of an anemia. Anemia developed in our animals, but the serum iron did not drop. This was in striking contrast to similar studies to be described later in the burned man where there were significant changes in serum iron, copper, and free erythrocyte protoporphyrin (vide infra). Figure 4 (dog 29) shows the same changes in fecal urobilinogen excretion and urinary coproporphyrin excretion which have been described in man following burns (1) . From the time of the injury to the 10th day there was an increased fecal urobilinogen output. At the same time changes in urinary urobilinogen excretion were not evident, but there was a very marked increase in the urinary coproporphyrin excretion. The coproporphyrinuria began to increase on the 5th day after the burn and reached its maximum on the 12th day, two days after the glycine had been administered. No With the usual lag in the passage of intestinal contents, it is our belief that the glycine was given at a time when the major effect of hemolytic mechanisms to produce anemia had passed.
We have no certain explanation for the rise in the urinary coproporphyrin. Isomer analysis for Type I and Type III was not done. Increased urinary coproporphyrin excretion may in some manner be related to depression of erythropoiesis (24) or to liver damage (27, 28) . 
Human study
The clinical study was performed on a 34 year old Negro male who was burned when gasoline on his clothing became ignited. He suffered an approximate 20 per cent total burn involving right arm, chest, abdomen, and left hand, of which about 16 per cent was third degree. The past history was negative for any serious illness or operations, and he had been in good health at the time of the injury. Shortly after admission he was given tetanus antitoxin, penicillin, and in the first 24 hours 1,500 ml. of 6 per cent dextran (Macrodex). Closed dressing was applied. Ten lasted almost twelve hours, -and although it was suspected he might have had some duodenal ulceration (Curling's ulcer), this was not proven. This difficulty did not cause any further discomfort. At no time during the treatment of the burn was he given transfusions, and he was skin grafted without mishap. During his hospitalization he was fed a liquid diet of the following composition: Protein 112 Gm. (1.5 Gm. per Kg.); carbohydrate 493 Gm.; fat 113 Gm. The caloric intake was 3435 calories per day. The use of similar diets in nutritional and metabolic studies has been described elsewhere (18) . Figure 5 shows, in the same manner as used with the animals, the changes observed in the uptake of heavy nitrogen into heme of hemoglobin in the burned man. Maximum uptake had occurred 30 days after the administration of the glycine, which was about 40 days after he had received the injury. Throughout the entire period of uptake the total circulating hemoglobin was decreasing, although the T.C.H. at the time of glycine feeding was not diminished.
In a normal man, studied twice in our laboratory, the maximum uptake occurred on the 15th and 20th days, respectively (29) . During the feeding period the protein content of the diet had been reduced to less than 20 Gm. per day. These two men are not absolutely comparable, but, with the same amount of glycine, the normal man had incorporated at the 15th day almost three times as much heavy nitrogen in heme as had the burned man for the same interval of time. Maximum uptake into heme of the burned patient was 2.4 mg. The rate of uptake in the burned man does not seem to be greatly different from that which we have observed in the normal man with either normal or stimulated erythropoiesis. Blood letting of 20 to 30 ml. every 10 days was a constant stimulus to erythropoiesis. When a reticulocytosis of 7 per cent did appear between the 36th and 45th day, we did not observe any change in the N15 content of the hemin as was seen in the experimental animals. The best explanation for this is that any tag remaining in the body was now so diluted that it could not affect the tag already observed in the hemin.
After the 45th day there was a steady decline in the hemin tag which we attributed to slow dilution of the tagged cells with increasing quantities of untagged heme, or tag insufficient (vide supra) to affect it, during the period of regeneration of the total mass of circulating 'hemoglobin. The total circulating heme N15 calculated from the hemin N15 concentration and the T.C.H. showed little change from the 20th to the 73rd day as seen in Table V . This would appear to exclude excessive destruction of red cells up until the 73rd day as the cause for the decline in the hemin N15 curve.
Observe that the N'5-hemin disappearance curve seems to be almost a straight line from the 30th to the 125th day, when it changes its slope to the 142nd day, and then resumes a fairly constant slope to the 178th day. Because of these very slight changes in the tagged hemin disappearance curve it is difficult to select either by observation or by graphical methods the point of maximum breakdown of the tagged erythrocytes. The time of maximum decrease appears to be between the 125th and 142nd day, the mid-point of which would be the 133rd day. From analysis of the uptake curve the appearance of red cells with the maximum tag was about the 7th day, but tagging was taking place up to the 30th day. Therefore, from the hemin data the average life span of the tagged erythrocytes should be about 126 (133-7) days. It is interesting that these cells live a normal life span, and this observation in itself sup-158 ports the proposition that the anemia is due to depressed erythropoiesis rather than to a shortened life span of the tagged cells. If the life span of the cells were unchanged, and the cells were produced while a non-hemolytic anemia was developing, then the anemia could only have been due to a diminished number of cells being formed. Similar reasoning was used by Berlin, Van Dyke, and Lotz in their study of the life span of the red blood cells in the hypophysectomized rat (30) .
A more definite indication of the life span of the tagged cells comes from a consideration of the stercobilin N15 data which are plotted in the same figure. Consider that portion of the stercobilin curve from the 80th to the 175th day after glycine feeding. From a relatively constant level the N15 concentration in the fecal stercobilin began to rise at some time between the 80th and 93rd day and reached a maximum between the 114th and 125th day. Since the stools in this study were collected in eight-day periods for stercobilin isolation and analysis, the mid-points of collection periods were taken for the purpose of plotting the curve. Thus at the 120th day a maximum N15 concentration was found in the isolated stercobilin. At this time the average tag on the cells being destroyed was greatest. These cells were labelled during the period of glycine feeding. The stercobilin tag at this time was much greater than the circulating heme tag because the segment of the red cell population with the highest heme tag was being degraded to stercobilin. The average life span of the red cell from stercobilin data is about 120 days.
It has been demonstrated (31) from N15-stercobilin studies in normal man that during the early phase of red cell labelling, the tag on the fecal stercobilin is greater than that which could be accounted for by breakdown of mature circulating erythrocytes. It was concluded that a portion, at least 11 per cent, of the stercobilin was not derived from circulating erythrocytes. In our patient, the average label on the stercobilin in the first four days was greater than that observed on the circulating hemin at the fourth day. It is also to be noted that the stercobilin label does not diminish to "normal abundance" levels between the 15th and the 80th days, similar to the results obtained by others (31) in normal man. Further investigation of this problem is now in progress in our laboratory.
There were continuous determinations of the urinary urobilinogen, coproporphyrin, and fecal urobilinogen, the results of which were not different from those presented in a previous study (1) . At the time of glycine feeding and later, the fecal urobilinogen was not elevated. Figure 6 gives the data relative to serum iron, copper, and free erythrocyte protoporphyrin, with which are correlated the changes seen in hemoglobin. There was present, within the first 10 days after injury, a hypercupremia and a hypoferremia. The significance of this distinctive pattern which is seen not only in iron deficiency anemia, anemia of infection (24, 32) , rheumatoid arthritis, pregnancy, Hodgkin's disease, and leukemia is not known. To our knowledge, however, a serial observation through a complete phase, has not been reported previously. Contrasting the changes in the serum copper and serum iron with total circulating hemoglobin, the serum iron remained depressed for about 150 days, long after the T.C.H. had returned to normal. Serum copper on the other hand began to diminish toward normal levels, concomitantly with a rise in T.C.H. and a month before any possible trend in the serum iron was noted. Despite many recent studies, the significance of the role of serum copper remains unknown (33, 34) .
The change in the free erythrocyte protoporphyrin is striking and has been observed in the anemia of infection (24) . Shortly after the injury the EP began to rise and rose steadily to about the 54th day. The highest point was associated with a reticulocytosis of 7 per cent on the same day. The increase in EP without significant reticulocytosis from the 10th to the 50th day indicates reticulocytosis during this time was not directly related to the rise of the EP. We also have evidence that iron deficiency was not developing, since the mean corpuscular hemoglobin concentration shows no change in the 50-day period when the EP was rising rapidly. Iron deficiency causes the greatest increases in EP.
This very interesting observation suggests that the internal environment of red cells produced in this period of the burn was impaired, assuming that an increased quantity of free erythrocyte pro- toporphyrin means a change in enzymatic reactions. From about the 50th to the 155th day, the EP remained relatively constant, and then began to diminish slowly. It was still high, even when the total circulating hemoglobin had returned to normal and when the serum copper and serum iron had returned to normal. The most plausible explanation for this is the production of abnormal red cells during the 50 to 60 day period, and so, these cells with a normal life span, as shown from the hemin data, would remain in the circulation with elevated EP for 120 plus 50, or up to 170 days. 5. Free erythrocyte protoporphyrin, and serum iron and copper, followed a characteristic pattern in the burned man, the significance of which is unknown. Serial studies are presented for the complete phase after thermal injury and during recovery.
